In Drosophila, mitochondrially encoded ribosomal RNAs (mtrRNAs) form mitochondrial-type ribosomes on the polar granules, distinctive organelles of the germ plasm. Since a reduction in the amount of mtrRNA results in the failure of embryos to produce germline progenitors, or pole cells, it has been proposed that translation by mitochondrial-type ribosomes is required for germline formation. Here, we report that injection of kasugamycin (KA) and chloramphenicol (CH), inhibitors for prokaryotic-type translation, disrupted pole cell formation in early embryos. The number of mitochondrial-type ribosomes on polar granules was significantly decreased by KA treatment, as shown by electron microscopy. In contrast, ribosomes in the mitochondria and mitochondrial activity were unaffected by KA and CH. We further found that injection of KA and CH impairs production of Germ cell-less (Gcl) protein, which is required for pole cell formation. The above observations suggest that mitochondrial-type translation is required for pole cell formation, and Gcl is a probable candidate for the protein produced by this translation system. q
Introduction
In many animals, the factors required for germline formation are thought to be localized to the germ plasm, a histologically distinct region of the egg cytoplasm (Beam and Kessel, 1974; Eddy, 1975) . Ultrastructural studies have shown that the germ plasm is basically composed of germinal granules and mitochondria (Beam and Kessel, 1974; Eddy, 1975) . The germinal granules are electrondense structures that act as a repository for the factors required for germline formation. In Drosophila, assembly of the germinal granules, or polar granules, requires the function of maternal effect genes. Among these are oskar (osk), vasa (vas), and tudor (tud), which are all essential for the formation of pole cells, the germline progenitors (Williamson and Lehmann, 1996; Mahowald, 2001; StarzGaiano and Lehmann, 2001) . These genes produce proteins that localize to the polar granules (Hay et al., 1988; Bardsley et al., 1993; Breitwieser et al., 1996) , with the association of these proteins with polar granules occurring in a stepwise and hierarchical manner (Williamson and Lehmann, 1996; Mahowald, 2001; Starz-Gaiano and Lehmann, 2001) . Polar granule assembly is completed with the localization of various types of RNA to the granules. For example, mitochondrial ribosomal RNAs (mtrRNAs) and germ cellless (gcl) mRNA are localized to the granules by osk, vas, and tud (Jongens et al., 1992; Kobayashi et al., 1993; Amikura et al., 1996 Amikura et al., , 2001a Kashikawa et al., 1999) .
We previously reported that mitochondrial large rRNAs (mtlrRNAs) and small rRNA (mtsrRNA) are both transported from the mitochondria to the polar granules during early embryogenesis, when mitochondria are tightly Mechanisms of Development 122 (2005) associated with polar granules in the germ plasm (Akiyama and Okada, 1992; Kobayashi et al., 1993; Kashikawa et al., 1999) . Together with mitochondrial ribosomal proteins, mtrRNAs form mitochondrial-type ribosomes, which are integrated into polysomes on the surface of polar granules (Amikura et al., 2001b) . The mitochondrial-type ribosomes remain on the granules until pole cell formation, at which point the ribosomes and mtrRNAs are no longer discernible (Amikura et al., 1996 (Amikura et al., , 2001b . Since a reduction in the amount of extra-mitochondrial mtlrRNA results in the failure to form pole cells (Iida and Kobayashi, 1998) and injection of mtlrRNA can restore pole cell formation in UVirradiated embryos (Kobayashi and Okada, 1989) , we speculate that mitochondrial-type ribosomes localized to polar granules are specifically required to produce proteins for pole cell formation. Here, we report that inhibitors of mitochondrial (prokaryotic)-type translation, kasugamycin (KA) and chloramphenicol (CH), suppress pole cell formation when injected into early embryos. KA treatment significantly decreases the number of mitochondrial but not cytosolic ribosomes around polar granules. In contrast, mitochondrial activity and ribosomes within mitochondria are unaffected by KA and CH treatment. We further show that gcl mRNA is present on the periphery of the polar granules at the initiation of translation, and that KA and CH treatment represses the production of Gcl protein.
Taken together, these results suggest that mitochondrialtype translation on polar granules is necessary for the production of proteins involved in pole cell formation, such as Gcl.
Results and discussion
To determine whether mitochondrial-type translation is required for pole cell formation, we injected KA and CH into polar plasm of early cleavage embryos at stage 2 [stages according to Campos-Ortega and Hartenstein (1997) ] when mitochondrial-type of ribosomes are integrated into polar granule polysomes (Amikura et al., 2001b) . KA and CH are known to inhibit initiation and elongation steps of prokaryotic-type translation, respectively (Poldermans et al., 1979; Nierhaus and Wittmann, 1980) . The embryos were allowed to develop until stage 6, and then pole cell formation was examined. As shown in Tables 1 and 2 , pole cell formation was significantly affected by injecting KA and CH, while somatic cell formation was intact (Fig. 1B) . The embryos without pole cells developed into agametic flies (data not shown).
It could be argued that KA and CH treatment might result in a decrease in mitochondrial activity, which in turn might cause defects in pole cell formation. In order to test this possibility, we stained KA-and CH-treated embryos at stage 3/4 with Rhodamine 123, a vital dye that stains active mitochondria in living cells (Johnson et al., 1980) . Mitochondrial staining appeared to be largely unaffected by KA and CH treatment at the doses we used (Fig. 1D) . The above result suggests that KA and CH disrupt pole cell formation without affecting mitochondrial activity.
Next, we examined the effect of KA treatment on polar granule polysomes. Since KA is known to inhibit the initiation step of prokaryotic translation (Poldermans et al., 1979) , we expected that KA treatment would eliminate mitochondrial-type ribosomes from the polysomes. Although, there is no direct evidence showing that KA inhibits mitochondrial translation, the stem-loop structure in the 3 0 -region of small rRNA and its modification responsible for KA sensitivity are conserved in bacteria and human mitochondria (Seidel-Rogol et al., 2003) . This suggests that KA is able to inhibit mitochondrial translation as well as prokaryotic one. As shown in Fig. 2 , the number of mitochondrial-type ribosomes was significantly reduced by KA treatment, while the number of cytoplasmic ribosomes was unaffected. In contrast, KA did not affect ribosomes within mitochondria, consistent with the observation that mitochondrial activity was largely intact in KA-treated embryos (Fig. 1D ). The average number of ribosomes in mitochondria was 151/mm 2 in KA-treated embryos, and 103/mm 2 in control embryos. a Twenty milligram per milliliter of Kasugamycin in DW and 10 mg/ml of Chloramphenicol in 5% ethanol were injected into stage-2 embryos.
b The injected embryos were allowed to develop up to stage 5/6, and their pole cell formation was examined. We found that some embryos carried only a small number of pole cells (1-5), while normal embryos have 30-40 pole cells at stage 5-6. Embryos with fewer than five pole cells were judged to be 'embryos without pole cells'. c Probability was calculated by the chi-square test. This is presumably due to the permeability barrier of mitochondrial membrane for KA. The above observations strongly suggest that the impairment of pole cell formation by inhibitors of translation results from failed translation by mitochondrial-type ribosomes in polar granule polysomes. We predicted that mRNA encoding proteins required for pole cell formation would be translated on these ribosomes. The most probable candidate for such an mRNA is germ cell-less (gcl), which encodes a protein required for pole cell formation (Jongens et al., 1992 (Jongens et al., , 1994 Robertson et al., 1999) . Gcl mRNA is stored in polar plasm, and its translation starts at around stage 2 (Jongens et al., 1992) , when mitochondrial-type ribosomes appear in the polar granule polysomes (Amikura et al., 2001b) . To determine whether the production of Gcl protein is affected by KA and CH treatment, we raised an antibody against Gcl protein and examined its distribution within early embryos. In normal embryos, Gcl staining was faintly visible in polar plasm at stage 2 (data not shown). At stage 3, when the cleavage nuclei penetrate the polar plasm, the accumulation of Gcl to the nuclear envelope became prominent (Fig. 3A) . In KAand CH-treated embryos, nuclear accumulation of Gcl was significantly impaired (Figs. 3B, 4) . Even in pole cells that were successfully formed in KA-and CH-treated embryos, nuclear accumulation of Gcl was hardly detectable (Fig. 3B) . These pole cells without Gcl protein are expected to be lost during the rest of embryogenesis, since Gcl is also required for pole cell survival (Robertson et al., 1999) . The above results show that KA and CH inhibit the production of Gcl protein. Since gcl mRNA was normally accumulated in the pole cells in KA-and CH-treated embryos (Fig. 5) , it is reasonable to assume that this inhibition occurs at the level of translation.
To exclude the possibility that KA and CH have nonspecific effects on translation by cytosolic ribosomes, we examined their effect on the production of Nanos (Nos) protein. Maternal nos mRNA is enriched in polar plasm and is translated by cytosolic ribosomes immediately following fertilization, after which its protein product is partitioned into pole cells (Wang et al., 1994) (Fig. 3G) . Nos protein was detected at normal levels within the pole cells of KA-and CH-treated embryos (Figs. 3H, 4) , but was significantly decreased in embryos injected with cycloheximide (CY), an inhibitor of cytosolic translation (Figs. 3I,  4) . Thus, we conclude that KA and CH do not inhibit translation by cytosolic ribosomes.
The above observations suggest that gcl mRNA is a probable candidate for the mRNA translated by mitochondrial-type ribosomes in polar granule polysomes. This hypothesis is strongly supported by our ultrastructural data showing that gcl mRNA is enriched in the periphery of polar granules (Fig. 6) , and that both mtlrRNA and mtsrRNA are present in polar granule polysomes at stage 2 (Amikura et al., 2001b) . The spatial distribution of gcl mRNA was indistinguishable from that of mtlrRNA and mtsrRNA (Fig. 6) .
Our results suggest that mitochondrial-type ribosomes participate in the formation of pole cells by translating gcl mRNA in polar granule polysomes. This is consistent with our previous observations that a reduction in the amount of extra-mitochondrial mtlrRNA in polar plasm results in the failure to form pole cells (Iida and Kobayashi, 1998) , and injection of mtlrRNA is able to restore pole cell formation in UV-irradiation embryos (Kobayashi and Okada, 1989) . However, injection of mtlrRNA alone into the anterior region never induces local ectopic formation of pole cells (Kobayashi and Okada, 1989) . This is likely due to the absence of other crucial components of mitochondrial ribosomes and of target mRNA, such as gcl, in the anterior pole region. Jongens et al. (1994) have reported that gcl mRNA can be translated to produce Gcl protein in the anterior pole C, H, I ). Previous reports indicated that CY treatment also impairs pole cell formation (Okada and Togashi, 1985) . Photographs taken with a compound microscope equipped with Nomarski optics are shown (D-F, J-L). Arrowheads point to pole cells. Scale bars: 20 mm.
region of cleavage stage embryos, where mtrRNAs and mitochondrial ribosomes are not detected. Given that the mRNA that was used carries the bicoid 3 0 UTR instead of the gcl 3 0 UTR, it is likely that gcl 3 0 UTR contains cisregulatory sequences required for selective translation by mitochondrial ribosomes. Alternatively, gcl mRNA could have been translated by cytosolic ribosomes. Our observations do not necessarily preclude the possibility that gcl mRNA might also be translated by cytosolic ribosomes in the polar granule polysomes. Indeed, we found that CY treatment slightly reduced Gcl staining in the posterior nuclei (Fig. 3C) . These results suggest that gcl mRNA is translated in the polar granule polysomes by cytosolic ribosomes, as well as by mitochondrial ribosomes. Under the electron microscope, we occasionally found cytosolic ribosomes between mitochondrial ones around polar granules (Fig. 2B) , suggesting the possibility that both types of ribosomes are assembled together on the same polysomes. However, we could not definitively test this idea, because some polysomes were located in close proximity and appeared to be intersecting with each others, and because the entire length of the single polysomes could not be observed due to their large sizes that caused them to extend out of the plane of ultra-thin sections. An alternative scenario is that cytosolic and mitochondrial ribosomes are assembled separately on different mRNA molecules, and these mRNAs are translated by using different genetic codes. It is interesting to note that the open reading frame (ORF) of gcl mRNA is terminated by a stop codon 'UGA' in the universal code (Jongens et al., 1992) , which is alternatively decoded as Tryptophane by the mitochondrial code. Assuming that gcl mRNA is translated by this alternative genetic code, additional 31 amino acid residues are predicted to be produced. Thus we speculate that the mitochondrial genetic code is used to produce the 'modified' protein to form pole cells. To address these issues, further investigation is required to test whether 'UGA' is read through in the polar granule polysomes, and whether tRNA and factors involved in translational initiation and polypeptide elongation in mitochondria also participate in the translation system.
Experimental procedures

Microinjection experiments
For microinjection experiments, embryos from a yw stock were used. The microinjection method was essentially the same as previously reported (Iida and Kobayashi, 1998; Okada et al., 1974) . Chloramphenicol (CH) (0.1 nl) (10 mg/ml in 5% ethanol) and kasugamycin (KA) [20 mg/ml in distilled water (DW)] were injected into the posterior pole region of yw embryos. For control embryos, 0.1 nl of 5% ethanol and DW were injected. The embryos used for injection were staged at 50G20 min after egg laying (AEL) (stage 2). The injected embryos were allowed to develop until stage 3/4, and then fixed for immunostaining. To score pole cell formation, the injected embryos were allowed to develop in silicon oil (FL-100 450CS, SHIN-ETSU silicon oil) at 25 8C until stage 4-6, and observed under a light microscope. To count number of pole cells, we used EGFP-vasa embryos (Sano et al., 2002) as recipients for microinjection of KA and CH.
Rhodamine 123 staining
The injected embryos were stained with Rhodamine 123 essentially according to Akiyama and Okada (1992) . The injected embryos were allowed to develop to stage 3/4, and transferred to a hollow in an agar plate (2% agar in PBS). The embryos were permeabilized with octane for 1 min, washed in PBS twice for 1 min each, and then stained with Rhodamine 123 (10 mg/ml in PBS) for 10 min. After several washes with PBS, the stained embryos were mounted in Vectashield (Vector Laboratories) and observed under a confocal microscope (Leica Microsystems, Tokyo).
Electronmicroscopy
The injected embryos were collected in a copper pod and rapidly frozen using EM-PACT (Leica Microsystems, Tokyo). The embryos were stored in liquid nitrogen until use. After freeze substitution (Newman and Habot, 1993) , the embryos were processed for electron microscopy according to Amikura et al. (1996) . Ultra-thin sections were observed under a JEM-1010 electron microscope (JEOL Co. Ltd, Japan), and the diameter of each ribosome was measured in electron micrographs at a 288,000! magnification by averaging the size of the longer and shorter axes.
Antibody against Gcl protein
The cDNA encoding the N-terminal region from Met-1 to Glu-63 of Gcl protein was subcloned into pQE-40 (Qiagen) to produce a His6-tagged GCL protein fused with mouse DHFR protein. The coding region was amplified by PCR using a full-length cDNA clone (a gift from T.A. Jongens) as a template. The fusion protein was expressed in Escherichia coli and purified according to the manufacturer's protocol (Qiagen). Approximately 1 mg of the purified protein was emulsified with Titer Max Gold adjuvant (CytRx) and injected into two rabbits. Boosting was carried out with about 0.5 mg of protein at 4 weeks intervals. After being boosted twice, the antisera from two rabbits recognized a single 65-kDa band on immunoblots of embryo extracts.
Immunohistochemistry
Immunohistochemical detection of Gcl and Nos proteins in embryos was carried out according to Kobayashi et al. (Kobayashi et al., 1999) . A rabbit anti-Gcl antibody was diluted 1:500, and Alexa 488 anti-Rabbit IgG (1:1000 dilution, Molecular Probes, Oregon, USA) was used as a secondary antibody. A rabbit anti-Nos antibody (a gift from K. Hanyu-Nakamura) was diluted 1:250, and Alexa 488 anti-Rabbit IgG (1:1000 dilution, Molecular probes, Oregon, USA) was used as a secondary antibody. Stained embryos were then mounted in Vectashield (Vector Laboratories) and observed under a confocal microscope (Leica Microsystems, Tokyo).
In situ hybridization at LM and EM level
We performed in situ hybridization at the light-and electron-microscopic level according to Kobayashi et al. (1999) . DNA probes for EM in situ hybridization were Fig. 6 . Presence of gcl mRNA on the surface of polar granules. Electron micrographs of sections of stage 2 embryos hybridized with probes for gcl mRNA (A), mtlrRNA (B) and mtsrRNA (C). Signals were detected on the surface of polar granules (arrowheads). The distribution pattern of gcl mRNA was indistinguishable from that of mtlrRNA and mtsrRNA, except that mtlrRNA and mtsrRNA were also detected in mitochondria [arrow in (B)]. Scale bar: 0. 5 mm.
synthesized from 2.4 kb gcl cDNA, 1.5 kb mtlrRNA cDNA and 0.8 kb mtsrRNA cDNA according to Kobayashi et al. (1999) . RNA probe for LM in situ hybridization was synthesized from the gcl cDNA according to Kobayashi et al. (1999) .
